INTRODUCTION

D
iabetes mellitus is a chronic disease that presents metabolic alterations generally associated with overproduction of reactive oxygen species, which favors damage in the metabolism of lipids, proteins and DNA, as well as cell function disorders, contributing to the onset of long-term diabetic complications (1) .
Chronic hyperglycemia in diabetes mellitus has been associated with lipid peroxidation and oxidative lesions in cells, caused by self-oxidation of glucose, elevated flow in the polyol pathway, activation of the protein kinase C, and excessive formation of advanced non--enzymatic glycation end-products. These metabolic disturbances contribute to oxidative stress and compromise the antioxidant defense system in type 2 diabetes patients (2, 3) .
Lipid peroxidation is involved in the manifestation of complications associated with diabetes mellitus type 2, and is important in the pathogenesis of this disease. Therefore, balancing the antioxidant defense system is important to improve morbidity in these patients (3) .
Recently, there has been a growing interest regarding hormonal, nutritional and biochemical disorders found in type 2 diabetes. Studies have shown that the metabolic behavior of zinc, and the activity of antioxidant enzymes appear to be altered in these patients (4) . Disturbances in zinc nutritional status are usually associated with a dysfunction in the antioxidant defense system, since this mineral acts as a cofactor of antioxidant enzymes, and contributes to membrane stability (5, 6) .
The measurement of zinc concentrations in plasma and in erythrocytes, and the activity of the enzyme superoxide dismutase, as well as their relationship with parameters of glycemic control may help to clarify the role of antioxidants in oxidative stress in type 2 diabetes patients.
Therefore, the aim of this study was to evaluate the relationship between the parameters of glycemic control, and zinc nutritional status and the activity of the enzyme superoxide dismutase in type 2 diabetes patients.
SUBJECTS AND METHODS
This case-control study involved 73 individuals from 25 to 59 years of age, of both genders. Participants of study were divided into two groups: a control group (n = 37, 27 females and 10 males) and an experimental group (type 2 diabetics, n = 36, 24 females and 12 males), who randomly sought treatment at an endocrinology practice. In both groups, women were premenopausal.
Type 2 diabetes patients who came to the practice were selected for the study if they met the following criteria: clinical treatment only with oral hypoglycemic agents; absence of complications from diabetes (nephropathy, neuropathy and retinopathy), such as chronic renal insufficiency, cataract and hypertension; absence of any vitamin-mineral supplementation and/ or with other medicines that could interfere with zinc--related nutritional status; and being a nonsmoker. The control group was selected according to the same criteria, and had no family history of diabetes or other chronic diseases. The study was approved by the Ethics Committee of the Institution where it was conducted, and the individuals signed a written informed consent form.
Assessment of nutritional status
Body mass index (BMI) was calculated using measures of weight in kilograms and height in meters. The classification of nutritional status of participants of the study according to BMI was carried out in line with the criteria of the World Health Organization (WHO) (7).
Evaluation of zinc intake
Zinc intake was obtained by recording food intake over a 3-day period, and nutritional analysis was made with Nutwin software version 1.5, which uses data from Brazilian Table of Food Composition (8, 9) . The Estimated Average Requirement (EAR) reference values for zinc were 6.8 mg/day for females, and 9.4 mg/day for males (10) .
Collection of biological material and biochemical parameters
Blood samples (15 mL) were taken in the morning, from 7:30 to 8:30 am, after fasting for at least 12 hours. Plasma was separated from total blood by centrifugation at 1,831xg for 15 minutes at 4 o C (Sorvall ® 4K15 centrifuge). Three aliquots of each plasma sample were diluted at a ratio of 1:4 with Milli-Q ® water and directly aspirated into the flame of the atomic absorption spectrophotometer (11) . Tryptizol ® (Merck) was used as the standard, diluted with Milli-Q ® water and 3% glycerol at 0.1, 0.2, 0.3, 0.5, and 1.0 µg/mL.
For erythrocyte separation, erythrocyte mass obtained from total blood was washed three times with 5 mL of 0.9% saline solution, homogenized by inversion, and centrifuged at 2,493xg for 10 minutes (Sorvall ® 4K15 centrifuge) at 4 o C. After the last centrifugation, saline solution was aspirated, and the erythrocyte mass was carefully extracted using a micropipette, placed in demineralized Eppendorf tubes, and stored at −20°C, for zinc and hemoglobin analysis (12) . In order to express the results in terms of zinc mass/hemoglobin mass (μg/gHb), erythrocytes lysed was measured according to the cyanmethaemoglobin method (13) .
The analysis of erythrocyte zinc concentration was carried out using atomic absorption spectrophotometry (12) . Tryptizol ® was used as the reference, diluted at concentrations of 0.1, 0.2, 0.3, 0.5, and 1.0 µg/mL with Milli-Q ® water. The reference interval for plasma and erythrocyte zinc concentration is 70-110 µg/dL and 40-44 µg/gHb, respectively (14, 15) .
The activity of superoxide dismutase in erythrocytes (Ransod Kit; Randox Laboratories Ltd., Crumlin, Antrin, UK) was determined, in triplicate, using the in vitro method in a Lyasis biochemical analyzer, according to methodology recommended by the manufacturer. The reference interval for superoxide dismutase is 1,102-1,601 U/gHb, according to the Ransod/Randox Kit.
Assessment of glycemic control and lipid profile
Blood samples (10 mL) were collected after fasting for at least 12 hours. Analyses of plasma glucose and glycated hemoglobin were performed according to the enzymatic and colorimetric method, and the ion exchange chromatography method, respectively, using Labtest ® reagent kits. In the assessment of glycemic control of the experimental group, values of plasma glucose > 130 mg/dL and of glycated hemoglobin > 7% indicate poor glycemic control, according to the American Diabetes Association (16) . Serum insulin concentration was analyzed using the chemiluminescence method. Insulin resistance was assessed using the HOMA-IR index (Homeostasis Model Assessment Insulin Resistance), according to the formula: serum insulin (μU/mL) x plasma glucose (mmol/L)/22.5 (17) .
Serum concentrations of triglycerides, total cholesterol, HDL-cholesterol, LDL-cholesterol and of VLDL-cholesterol were analyzed according to the enzymatic method. The reference interval for these variables was the one determined by the Brazilian Society of Cardiology (18) .
Statistical analysis
Data were processed and analyzed using the SPSS software for Windows, version 9.0. Student's t test was used to determine whether there were differences on the main variables between the two groups. Pearson's correlation was applied to find out the correlation between parameters of glycemic control, and erythrocyte zinc concentration and activity of superoxide dismutase. Significance was established at p < 0.05 a priori for all statistical tests.
RESULTS
The mean age of the type 2 diabetes patients and control group was 46.0 ± 7.4 years and 37.2 ± 8.6 years, respectively (p < 0.05). The mean values of body mass index of the experimental group was 27.9 ± 4.5 kg/m 2 , and the control group was 23.8 ± 2.6 kg/m 2 (p < 0.05). Table 1 shows the results of parameters of glycemic control and lipid profile of the type 2 diabetes patients and control group. Plasma glucose, glycated hemoglobin, HOMA-IR, triglycerides, and total cholesterol were significantly higher in type 2 diabetics (p < 0.05). In diabetic patients, the disease had been diagnosed, in average, 4.0 ± 2.4 years before. Mean zinc intake in the experimental group was 16.9 ± 7.3 mg/day and 10.9 ± 3.5 mg/day for males and females, respectively, and the control group was 14.9 ± 6.5 mg/day and 10.5 ± 3.4 mg/day (p > 0.05). Mean plasma and erythrocyte zinc concentration, and superoxide dismutase enzyme of type 2 diabetes patients and control group are shown in table 2. Results of the simple correlation analysis carried out to investigate the influence of the parameters of glycemic control on erythrocyte zinc concentration and on the superoxide dismutase activity are shown in table 3. A positive correlation was found between serum insulin and the activity of the enzyme in type 2 diabetes patients (r = 0.41, p < 0.05). 
DISCUSSION
In this study, body mass index was significantly higher in type 2 diabetes patients than in the control group, results similar to those by Stefanovi and cols. (19) and Rysz and cols. (20) . In type 2 diabetes patients, the increase in body mass index and waist circumference contributes to the impairment in glucose tolerance and insulin resistance, and usually is associated with higher concentrations of total cholesterol and triglycerides, and lower concentrations of HDL-cholesterol (16, 21) . However, the analysis of waist circumference was not carried out, which is a limitation of this study. Mean plasma zinc concentration of the type 2 diabetes patients was significantly greater when compared with the control group. The concentration of zinc in plasma seems to be dependent on the time of diagnosis, is elevated at the beginning of the manifestation of the disease, and reduced in later periods because of the loss of this mineral in urine caused by chronic complications such nephropathy, which may occur between 5 and 10 years after the onset of the disease (22, 23) . Thus, it is important to highlight that the average time of diagnosis of the type 2 diabetes was only 4 years.
On the other hand, the results of some studies have shown reduced concentration of zinc in plasma in type 2 diabetic patients (24, 25) . The results of research that used plasma as a tool to assess zinc nutritional status in diabetic patients have been contradictory. However, it is worth mentioning that plasma is a labile marker because it is kept under constant homeostatic control, and may be influenced by oxidative stress, infection, catabolism and diet (26, 27) .
Reduced zinc concentrations in plasma in type 2 diabetes patients suggest an elevated loss of this mineral in urine, resulting from hyperglycemia and polyuria, which is not compensated by increased intestinal absorption, and reduction in intestinal excretion of this trace element (25, 28) . However, the excretion of zinc in urine was not determined, which also is a limitation of this study.
Zinc concentration in erythrocytes showed a statistically significant difference between groups, and was higher in type 2 diabetes patients. These data are consistent with those reported by Batista and cols. (29) and Bravo and cols. (4) . In metabolic disorders such as diabetes, erythrocyte zinc concentration may better clarify data on metabolic status (oxidative stress and insulin resistance) of these patients than plasma zinc concentration. The fact that zinc is a mineral that participates in various enzymatic processes in the metabolism, both at molecular and cellular level, its concentration in erythrocytes is more adequate than in plasma to assess nutritional status (30) .
Zinc intake of type 2 diabetes patients was higher than recommended for this mineral. However, this does not seems to be the determining factor for the metabolic imbalance of zinc in these patients, because aspects related to the physiopathology of the disease, such as chronic hyperglycemia and poor glycemic control, favor changes in the compartmentalization of the mineral in tissues and body fluids. Some research shows that type 2 diabetes patients with adequate zinc intake present hyperzincuria and elevated concentrations of zinc in erythrocytes, according to data from Marreiro and cols. (31) and Batista and cols. (29), respectively.
Literature reports some factors that possibly contribute to the elevated concentration of zinc in erythrocytes in diabetic patients, as demonstrated in this study. According to Cimbaljevic and cols. (6), oxidative damage induced by diabetes seems to be more prominent in the erythrocytes when compared with other tissues, promoting the increase in concentration of antioxidants in these cells, which may explain the erythrocyte zinc concentration found in this study.
Another factor that seems to favor increased concentration of zinc in erythrocytes is related to the role of metallothionein as a regulator of the homeostasis of this mineral. Four subtypes of metallothionein (MT) have already been identified. MT-I and MT-II are expressed in most cells, including erythrocytes. Research carried out in cell culture has shown that oxidative stress in diabetes favors the release of zinc from this metalloprotein, which is then transferred to other proteins and stimulate the increase in the intracellular concentration of this mineral, where it participates in the antioxidant defense system (32, 33) .
The activity of superoxide dismutase in erythrocytes of type 2 diabetes patients with poor glycemic control was greater than that of the control group, as shown in the study of Likidlilid and cols. (34) . For these authors, at the onset of diabetes, there seems to be an increase in the activity of superoxide dismutase to neutralize the excess of superoxide anions produced by the mitochondria, due to high concentration of circulating glucose, which prevents oxidative damage to tissues.
Research conducted in diabetic animals and humans revealed that, as a protection against oxidative stress, many cells stimulate the production of antioxidant enzymes, which appears to be due to the need of these enzymes in specific tissues. The overproduction of reactive oxygen species is common in compartments with high energy demand such as skeletal muscle, liver and erythrocytes. The activity of superoxide dismutase appears to be the first antioxidant defense to be stimulated in response to adaptation to oxidative stress, and is high due to its greater demand in these tissues, a fact that could explain the results for this enzyme in this study. However, the increase in the activity of this antioxidant enzyme is not sufficient to compensate for the excessive production of reactive oxygen species in these patients (35, 36) .
Chronic hyperglycemia in type 2 diabetic patients is a contributing factor to the self-oxidation of glucose and increased rate of cell respiration, which favors the increase in the synthesis of superoxide anions and intracellular concentration of nitric oxide. Thus, to prevent the formation of peroxynitrite anion, there is a compensatory increase in the activity of superoxide dismutase. Therefore, these metabolic alterations, characteristic of diabetes, may have promoted the increased activity of this enzyme observed in this study (37) .
The results of lipid profile analysis showed high concentrations of total cholesterol and triglycerides in type 2 diabetes patients when compared with the control group. In diabetic patients with poor glycemic control, elevated concentration of total cholesterol and triglycerides favors the overproduction of lipoperoxides (markers of lipid peroxidation) due of oxidative stress. This mechanism may promote a higher activity of superoxide dismutase, indicating a compensatory response to oxidative stress, which would probably explain the values for the activity of this enzyme found in this study (21, 38) .
On the other hand, some studies have shown a reduction in the activity of superoxide dismutase in patients with type 2 diabetes (1, 20) . According to Michiels and cols. (39), in type 2 diabetes patients, the self-oxidation of glucose caused by high concentration of circulating glucose produces an increase in the formation of hydrogen peroxides, which inhibit the enzyme.
Another factor that may contribute to decreased activity of superoxide dismutase is the non-enzymatic glycation of protein sites of superoxide dismutase caused by chronic exposure to hyperglycemia, which inactivates this enzyme and, thus, promotes the accumulation of superoxide anions and products derived from oxidation of superoxide dismutase, which are elevated in the erythrocytes of diabetic patients (40) .
An important aspect to be considered is related to the results of the analysis of the relationship between parameters of glycemic control and superoxide dismutase activity. There was a significant positive correlation between serum insulin and superoxide dismutase activity in type 2 diabetes patients (r = 0.41, p < 0.05). These data may be explained by the fact that the increase in serum concentrations of insulin appears to promote a greater demand for superoxide dismutase activity (41) .
According to Wittmann and Nagy (42) , the high production of superoxide anions can reduce the effect of nitric oxide in the insulin signaling system and, therefore, appears to promote the manifestation of insulin resistance in diabetic patients. The study of Pavlović and cols. (43) also investigated the effect of insulin on the activity of superoxide dismutase. For these authors, the increased secretion and sensitivity to insulin prevent Arq Bras Endocrinol Metab. 2011;55/9 non-enzymatic glycation of superoxide dismutase and promotes the increase in the activity of this enzyme, which contributes to the neutralization of superoxide anions, thus minimizing the effects of resistance to insulin produced by oxidative stress.
In conclusion, this study showed that, as the nutritional status of zinc in type 2 diabetes patients was adequate, there was positive response to oxidative stress due to increased activity of superoxide dismutase, and this enzyme was influenced by serum insulin. Further studies that investigate the relationship between anthropometric parameters (waist circumference) and oxidative stress markers, and evaluates the urinary excretion of zinc in patients with type 2 diabetes may help to clarify aspects related to the involvement of antioxidants in oxidative stress in these patients and, thus, contribute to the development of strategies for the prevention and treatment of disorders associated with diabetes.
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